Background: Polyomaviruses (PyVs) have a wide range of hosts, from humans to fish, and their effects on hosts vary. The differences in the infection characteristics of PyV with respect to the host are assumed to be influenced by the biochemical function of the LT-Ag protein, which is related to the cytopathic effect and tumorigenesis mechanism via interaction with the host protein.
The first PyV discovered was mouse PyV (MPyV), which was isolated from a murine tumor [1, 2] in the mid-1950s. Since then, simian virus 40 (SV40) was discovered in the renal cells of rhesus monkeys in the 1960s [3] . As mostly animal viruses were studied, the viruses seemed to be irrelevant to human diseases. However, two human PyVs, BKPyV and JCPyV, were found [4, 5] , and in 2008, MCPyV was identified in human Merkel cell carcinoma tissue [6] . Thus, the various animal and human PyVs reported so far have drawn renewed attention. Most mammalian PyVs do not directly cause severe acute disease in infected hosts. However, an inconspicuous primary infection can persist for a lifetime, and when the host is in an immunosuppressed or immunocompromised state, such infection can lead to multiple diseases, such as progressive multifocal leukoencephalopathy and hemorrhagic cystitis, due to virus reactivation [7, 8] . PyV has a strong species-specific tendency, similar to papillomavirus [9, 10] , and is thought to have co-evolved with amniotes. Various studies have been carried out to determine the infection characteristics of PyV. Therefore, it is necessary to understand their evolutionary history and their interaction with their hosts, as well as to interpret their genetic information.
Early and late gene RNAs of PyVs encode two and three proteins, respectively. The early gene is translated into 2 T-antigens (large T-antigen (LT-Ag) and small Tantigen), and the late gene is translated into three capsid proteins (VP1, VP2, and VP3) [11] . Among these, LT-Ag is directly related to tumorigenesis. Notably, the LT-Ag protein is known to bind to the p53 and Rb proteins, which are products of two typical tumor suppressor genes [12] . It has also been found to be a major factor determining the biochemical function of SV40 and MCPyV, which cause tumors in rodents and humans [13, 14] . The LT-Ag of PyV has functionally conserved domains, such as the DnaJ domain, LXCXE motif, NLS domain, Helicase domain, and p53 binding domain, that are present in most virus species [13] . Among these, the DnaJ domain, LXCXE motif, and p53 binding domain bind to proteins belonging to the cellular Hsc70 and Rb family and p53 cellular suppressor proteins, respectively, affecting replication and proliferation of the viral genome through DNA binding, ATP-dependent helicase, and ATPase activity. Specifically, when the early gene LT-Ag is continuously expressed, although PyV cannot to replicate its genome in nonpermissive hosts, cell transformation is induced, resulting in tumorigenesis. Each domain is considered to play an important role in this carcinogenesis.
PyVs vary in terms of toxicity to hosts, so their effects on hosts differ (Table 1) . Variations in the infection characteristics of these viruses (whether they induce tumors due to binding to host proteins) among various hosts indicate the importance of the biochemical function of the LT-Ag protein in relation to host range and tumorigenesis. Therefore, in this study, we performed codon usage pattern, sequence similarity, and phylogenetic analyses using the genetic information of LT-Ag gene coding sequences (CDS) and major domains, to compare genetic characteristics. Based on the results of these analyses, we investigated the differences in the codon usage patterns depending on the taxon and PyV host and identified the relationships between phylogeny and sequence similarity among viruses. The genetic and evolutionary differences among the viruses identified by the comparative analysis offer a basis for explaining variations in their host range and toxicity. Based on these results, it is possible to infer the causes of the functional differences in LT-Ag among various PyVs.
Methods

Data acquisition
The virus name, abbreviation, and classification information of 86 species belonging to the family Polyomaviridae were checked (https://talk.ictvonline.org/ictv-reports/ictv_ online_report/dsdna-viruses/w/polyomaviridae), and the reference sequences were downloaded from the National Center for Biotechnology Information GenBank® (https:// www.ncbi.nlm.nih.gov) ( Table 2 ). The CDS regions of the LT-Ag genes to be analyzed were extracted and classified into the following five groups, according to the host of each virus species: non-primate mammals (Group M); non-human primates (Group P); humans (Group H); avian (Group A); and fish (Group F). Known ORFs were concatenated for total codon analyses of LT-Ag. Accordingly, we performed the analysis using CDS regions in the form of the complement (join, codon start = 1) of LT-Ag from PyV reference sequences. Accession numbers are given in Table 2 . To identify the domain regions contained in each LT-Ag gene CDS and extract the corresponding sequences, the amino acid sequence encoding each gene was scanned through PROSITE (https://prosite. expasy.org/), and the ScanProsite results were obtained in addition to ProRule-based predicted intra-domain features. The sequence information of the corresponding region was extracted and used for analysis. PROSITE provides predicted results and related information regarding protein domains, families, and functional sites through ProRule, a collection of rules based on profiles and patterns. Therefore, in this study, the sequence information of 54 DnaJ domains (PROSITE entry: PS50076) and 86 superfamily 3 helicases of DNA virus domains (PROSITE entry: PS51206), along with 86 complete gene sequences, was used for analysis (Table 3 ). Java programming was performed for LXCXE motif and sequence extraction and processing.
Phylogenetic analysis
Multiple sequence alignments were performed for each sequence using MUSCLE, and the phylogeny was reconstructed using the maximum likelihood (ML) method based on the Tamura-Nei model [68] using MEGA 7.0.26 [69] . Bootstrap analysis [70] was carried out with 1000 replicates of the dataset to determine the robustness of the individual nodes. The reconstructed trees confirmed the phylogenetic relationships for viral sequences of the LT-Ag gene, DnaJ, and helicase from different host species. Based on these results, the 86 viral species were divided into five groups [non-primate mammals (Group M), non-human primates (Group P), humans (Group H), avian (Group A), and fish (Group F)]. For the purpose of this study, virus group information based on the phylogenetic relationships was considered when conducting various analyses and interpreting and discussing the results.
Compositional analysis
The CodonW (https://sourceforge.net/projects/codonw/) and CALcal (http://genomes.urv.es/CAIcal/) programs were used to perform nucleotide composition analysis. Various nucleotide compositional properties were calculated for the sequences corresponding to the CDS of the PyV LT-Ag gene, DnaJ domain, and helicase domain. The frequency of each nucleotide (%A, %C, %T, and %G), GC and AT contents (%GC and %AT), each nucleotide at the third position of synonymous codons (%A3, %C3, %T3, and %G3), G + C (%GC3) and A + T contents (%AT3) at the third codon, and G + C (%GC12) and A + T mean values (%AT12) at the first and second codons were calculated. Genetic variability was analyzed by calculating the nucleotide variability of the LT-Ag genes and two domains in each virus group. The total number of segregating sites, total number of mutations, average number of nucleotide differences between sequences, and nucleotide diversity were estimated using DnaSP v. 5.10.01 [71] .
Effective number of codons (ENC) analysis
Analysis of the effective number of codons (ENC) was used to quantify the absolute codon usage bias in the PyV LT-Ag gene CDS, independent of the gene length. ENC values range from 20 to 61; 20 represents the largest codon usage bias, in which only one of the possible synonymous codons is used for the corresponding amino acid; 61 indicates no bias and means that all possible synonymous codons are used equally for the corresponding amino acid. Generally, genes are considered to have significant codon bias when the ENC value is less than 35 [72, 73] .
Parity rule 2 (PR2) analysis
Parity rule 2 (PR2) analysis is commonly used to investigate the effects of mutations and selection pressure on codon usage bias in genes. The PR2 plot positions the AT-bias [A3/(A3 + T3)] and GC-bias [G3/(G3 + C3)] at the third codon of four-codon amino acids [fourfold degenerate codon families: Ala (A), Arg (R), Gly (G), Leu (L), Pro (P), Ser (S), Thr (T), and Val (V)] of the entire genome are shown on the vertical axis (y) and horizontal axis (x), respectively. The location of the plot with both coordinates at 0.5 is A = T, G = C (PR2), indicating no bias between the effects of mutation and natural selection (replacement rate). The distance between the coordinate position (0.5, 0.5) and the plot dot, which is the center of the plot, indicates the degree and direction of the PR2 bias [74, 75] .
Neutral evolution analysis
Neutrality plots are used to evaluate the relationship between the third codon positions to reflect the role of directional mutation pressure. Consequently, the gradients of the regression lines in the neutrality plot depict the relationship between GC12s and GC3s, elucidating the evolutionary rates of directional mutation pressure-natural selection equilibrium. When the gradient of the regression line is 0 (all plot dots are located on a line parallel to the abscissa), there are no effects from directional mutation pressure. When the gradient is 1 (all plot dots are located on the diagonal), we have complete neutrality. Therefore, the regression lines of the neutrality plot can be used to determine the main factor controlling evolution by measuring the degree of neutrality [76] . DnaSP v. 5.10.01 [71] was used to calculate Tajima's D [77] , Fu and Li's D*, and F* [78] as tests of neutrality. Tajima's D statistic measures the departure from neutrality for all mutations in a genomic region [77] and is based on the differences between the number of segregating sites and the average number of nucleotide differences. Fu and Li's D* test is based on the differences between the number of singletons (mutations appearing only once in the sequence) and the total number of mutations. Fu and Li's F* test is based on the differences between the number of singletons and the average number of nucleotide differences between every pair of sequences [78, 79] .
Relative synonymous codon usage (RSCU) analysis
Relative synonymous codon usage (RSCU), a measure of the preference for the use of a synonymous codon, is defined as the ratio of the observed number of synonymous codons used to the expected value of the codon occurrence frequency [80] . In general, codons with an RSCU value greater than 1.0 are considered to have a higher preference (abundant codons), and those with an RSCU value lower than 1.0 have a lower preference (less-abundant codons). When the ScanProsite results together with ProRule-based predicted intra-domain features were used for functional domains retained in LT-Ag of PyVs. LXCXE motifs and their encoding sequences were extracted through the JAVA programming RSCU value is equal to 1.0, either the preference for synonymous codons is the same or the codon usage is random [81] . Specifically, a codon with an RSCU value of 1.6 or more is an over-represented codon, and a codon with an RSCU value of 0.6 or less is considered an under-represented codon (≤0.6) [82] .
Using the CodonW and CAIcal programs, the RSCU values of the sequences of the 54 DnaJ domains and 86 helicase domains were calculated, along with 86 LT-Ag gene CDS. Comparative analysis and visualization of each group were performed using XLSTAT.
Calculation of the codon adaptation index (CAI)
The codon adaptation index (CAI) is a quantitative measurement ranging from 0 to 1 that predicts gene expression levels based on CDS. The most frequent codons show the highest relative adaptation to the host, and sequences with a higher CAI are preferred over those with a lower CAI [83] . CAI analysis of the LT-Ag gene CDS was carried out using CAIcal [84] , and the synonymous codon usage pattern of Homo sapiens, which was downloaded from the Codon Usage Database (CUD) [85] , was used as the reference dataset.
Correspondence analysis (COA)
Each group of RSCU values was analyzed using the correspondence analysis (COA) method, and the results were visualized using XLSTAT. Individual data representing the LT-Ag gene coding region were expressed as a vector with 59 dimensions, and we included 59 codons, excluding methionine (ATG) and tryptophan (TGG), without synonymous codons in the analysis.
Selection pressure analysis
The number of non-synonymous substitutions per non-synonymous site (dN), the number of synonymous substitutions per synonymous site (dS), and the dN/dS ratios for the nucleotide sequences of the LT-Ag genes and two domains were estimated for all isolates in each virus group using MEGA 7.0.26 [69] . A gene is under positive (or diversifying) selection when the dN/dS ratio is > 1, neutral selection when dN/dS ratio = 1, and negative (or purifying) selection when the dN/dS ratio < 1. 
Results
Sequence similarity and evolutionary relationships among PyVs
Phylogenetic analyses using the LT-Ag gene, DnaJ domain, and helicase domain revealed that, except for two bat viruses, Alphapolyomavirus and Betapolyomavirus were grouped independently, and Gammapolyomavirus formed a separate cluster. Deltapolyomavirus and the unassigned viruses clustered together or were independent in all of the trees. Thus, except for some exceptional cases [bat PyV 2c (BatPyV2c), bat PyV 4a (BatPyV4a), and DPyV] in the ML-based tree, the viruses were generally grouped by genes. When the clustering pattern per host was examined, Groups M, P, and H formed a large cluster. In other trees, except for the DnaJ domain-based tree for which domain information was lacking (Group F was not included in the analysis), Group A (avian viruses) and Group F (fish viruses) were grouped independently ( Fig. 1 ).
Compositional properties of LT-Ag genes
To confirm the effect of differences in composition on the codon usage patterns observed in 86 PyV species isolated from different hosts, we analyzed the nucleotide compositions of the complete sequences of the LT-Ag genes, as well as those of the DnaJ domain and helicase domain regions of the LT-Ag protein, in each virus (Table 4 ). These domains play particularly important roles in the biochemical function of LT-Ag and are relatively well conserved in various PyV species compared to other domain regions. Thus, it is possible to extract more accurate homologous sequences based on the protein sequence pattern and profile information using these domains. Hence, these became the subjects of this analysis. After analyzing the mean composition of each group (%), nucleotide A was the highest in all groups, and C was lowest in all sequences except for the DnaJ domain CDS of Group A (Fig. 2) . In the nucleotides observed at the third position of the synonymous codons (A3, T3, G3, and C3), G3 was higher than C3. T3 was higher than A3 in all groups ex- As in previous studies using whole genome sequences, the GC and GC3 values of the bird PyV in the LT-Ag gene were higher than those of the mammalian PyV. Fig. 3 ). Genetic variability, which was estimated by measuring the average number of pairwise nucleotide differences (k) and nucleotide diversity (π), was highest for the LT-Ag gene (k = 910.333, π = 0.54939) and helicase domain (k = 210, π = 0.46358) in Group F ( Table 5 ). The NC plot showing the relationship between ENC and GC3 revealed that the results from excluding eight DnaJ domains and three helicase domain CDS, while including the entire LT-Ag gene CDS were plotted under the expected ENC curve, suggesting that the codon usage was biased. This pattern was observed overall, regardless of group. However, in the LT-Ag gene sequence analysis, Groups A and F viruses exhibited more diverse codon usage, as they were located closer to the expected ENC curve. However, Groups M, P, and H had relatively more biased codon usage (Fig. 4) . This codon usage pattern was consistent with the characteristics of the avian virus, which is known to have a broad host range, as opposed to the mammalian virus, with a narrow host range [7] .
PR2 and neutrality analyses were performed to investigate the effects of mutation pressure and natural selection on codon usage patterns of LT-Ag CDS of PyVs. After analyzing the relationship between AT and GC contents, A was used at the third codon position of 65 fourfold degenerate codon families of 86 gene sequences at a frequency higher than or equal to T; in the fourfold degenerate codon families of 45 gene sequences, G was used at a frequency equal to or greater than C. In the DnaJ domain, A was used at the third codon position of 43 fourfold degenerate codon families of 54 gene sequences at a frequency higher than or equal to T, and in the fourfold degenerate codon families of 31 gene sequences, G was used at a frequency greater than or equal to C. In the helicase domain, A was used at the third codon position of 64 fourfold degenerate codon families of 86 sequences at a frequency higher than or equal to T, and in the fourfold degenerate codon families of 63 gene sequences, G was used at a frequency equal to or greater than C. When the distances and directions of all plot dots from the plot coordinate (0.5, 0.5) were examined, there were no significant differences between groups, and various distance distributions and similar directionality (T → A) were detected. Therefore, the bias shown in the PR2 plot results from the difference in the usage frequencies of T and A, which is generally shown in the fourfold degenerate codon families of the sequences encoding the LT-Ag genes of the PyVs and the domains contained therein, rather than differences between the groups. Unequal use of these nucleotides may imply the overlapping effect of natural selection and mutation pressure on codon selection in the corresponding gene sequences (Fig. 5) . Negative values of Tajima's D, Fu and Li's D*, and Fu and Li's F* were obtained for the DnaJ domain in Group H, indicating an excess of lowfrequency polymorphisms caused by background selection, genetic hitchhiking, or population expansions [79, 87, 88] . The values of Tajima's D, Fu and Li's D*, and Fu and Li's F* for the helicase domain in the overall population were positive, which arose from an excess of intermediate-frequency alleles and can result from population bottlenecks, structure, or balancing selection [87] . However, the P-values for Tajima's D, Fu and Li's D*, and Fu and Li's F* tests were not significant (P > 0.10) in all cases ( Table 5 ), indicating that the results were less convincing; it is also plausible that purifying selection is acting on each of the viral groups. It was impossible to do these statistical tests for the DnaJ domain in Group F, as the analysis using DnaSP software requires at least four sequences [71] .
In terms of the evolution of synonymous codon usage, mutation pressure either increases or decreases the GC content, and the GC content (GC3) at the third codon position expresses the most neutral nucleotides that make an important contribution to directional mutation pressure [76] . Thus, the effect of directional mutation (See figure on previous page.) Fig. 6 Neutrality plot of GC12 vs. GC3. GC12 were plotted against GC3. GC12 is the ordinate, and GC3 is the abscissa, so each point in the figure represents one LT-Ag gene from a different host organism. The neutrality plotting results for LT-Ag genes show that the distribution of GC12 is relatively concentrated, GC3 is during 0.171 (Delphinus delphis [short-beaked common dolphin]) to 0.596 (Pygoscelis adeliae [Adélie penguin]). Neutrality plotting results for two functional domains also show that the distribution of GC12 is relatively concentrated, while GC3 is incompactly dispersed in the range of 0.175 (Pongo pygmaeus [Bornean orangutan]) to 0.646 (Pygoscelis adeliae [Adélie penguin]) for DnaJ domains and 0.128 (Delphinus delphis [short-beaked common dolphin]) to 0.606 (Pygoscelis adeliae [Adélie penguin]) for helicase domains Fig. 7 RSCU analysis of PyVs. There is variation in the differences between the codon preferences of the five groups in terms of the LT-Ag genes. We can see that there are relatively large differences among groups in the RSCU values of specific codons, such as codon AGA(arg) and TTA(leu) and natural selection on the codon usage pattern of the PyV's LT-Ag gene CDS isolated from different host species and two functional domains contained in the gene was estimated based on the neutrality plot. Neutrality analysis also confirmed that mutation pressure and natural selection both affected the codon usage bias of the LT-Ag gene CDS. The analyzed genes showed a narrow GC12 distribution and a wide GC3 distribution, indicating a significant correlation (r = 0.715, p < 0.0001). This may indicate high mutation bias or highly variable GC contents in the corresponding genes. When comparing the gradients of the regression lines for each group, Group F had the largest regression slope of 0.5957, followed by Groups P (0.2476), H (0.2298), M (0.2135), and A (0.1654). This indicates that the relative neutrality (directional mutation pressure) of the viruses belonging to each group was 59.57, 24.76, 22.98, 21.35, and 16 .54%, respectively. Therefore, the contribution of natural selection to the codon usage pattern of each group was higher in the order of Groups A (83.46%), M (78.65%), H (77.02%), and P (75.24%). Group F was less affected by natural selection than the other groups (40.43%). A comparison of the gradients of the regression lines of all groups based on our neutrality analysis of the helicase domain revealed that the contribution of natural selection to the codon usage pattern of each group was, in descending order, Groups H (89.51%), P (86.92%), M (83.51%), and A (81.87%). Group F was less affected by natural selection than the other groups were (74.58%). In the case of the DnaJ domain, natural selection had a relatively low effect on Group A (58.24%), whereas its effect on other groups (Groups H, M, and P) was 80% or higher. Thus, the effect of the relative neutrality (directional mutation pressure) was found to be large (Fig. 6 ).
Variation in RSCU value and codon usage preference
We calculated the RSCU values reflecting the codon preference in the LT-Ag genes of PyVs and analyzed their distribution pattern by group ( Fig. 7) to compare them in terms of their host species (Fig. 8) . First, the total mean RSCU values of the LT-Ag gene CDS in 86 species were calculated. The mean RSCU values for TTA (leu), ATT (ile), CCT (pro), GCT (ala), and AGA (arg) were 1.88, 1.62, 1.76, 1.74, and 3.78, respectively. Thus, they were over-represented codons. When the distribution pattern for each group was examined, the differences in codon usage preference among the mammalian viruses belonging to Groups H, M, and P were not significant. The difference between Groups A and F and the three groups of avian and fish viruses was relatively large. When the mean RSCU values of each group were compared, Groups H, M, and P had mean RSCU values of 1.6 or higher in codon TTT (phe), TTA (leu), ATT (ile), and GCT (ala), differing from Groups A and F. Codon AGA (arg) exhibited the largest difference in codon usage preference among the groups, and the mean RSCU value for each group was 1. A preference for a particular codon is a common evolutionary phenomenon, reflecting the evolution of the biological group and carrying important meaning as a tool for explaining basic biological phenomena at the molecular level. RSCU analysis is one of the most important methods for analyzing synonymous codons in various organisms, including viruses. As shown in Fig. 7 and Fig. 8 , the RSCU values of 86 LT-Ag genes differed by group and host, and there were differences in preference for codon usage. In Table 6 and Fig. 9 , the results of comparing the mean RSCU and codon frequencies between different viral groups with their respective host species are seen more clearly. Notably, the greatest difference in codon usage preference between genes and groups was detected in codon AGA (arg) of all datasets. The CAI was calculated to compare the adaptability of synonymous codon usage. In this study, the CAI value of H. sapiens was used as the reference dataset. The range of the total value was 0.690-0.790, and the mean ± standard deviation was 0.74 ± 0.02. The CAI values did not vary significantly between groups, and PyVs derived from various host species generally had high similarity to the reference data in terms of both codon usage pattern and expression level. Thus, regardless of the host species, they showed relatively high adaptability in human hosts.
COA results for RSCU values
We carried out COA using the RSCU value to identify trends associated with differences in codon preference among the gene sequences used in this study. In the COA-RSCUs generated in this study, axis 1 (y) and axis 2 (x) accounted for 74.01 and 14.96% of the total mutations, respectively. Figure 10 shows the COA results for over-represented codons, with RSCU values greater than or equal to 1.6, calculated from 86 LT-Ag gene CDS. Scatter plots B-F show high similarity in terms of the distribution patterns of the plot dots in the range (− 0.2 to + 0.3, − 0.4 to~+ 0.4) in all groups. Specifically, two dots plotted outside the corresponding range were identified as LT-Ag genes of BFDV and Adélie penguin PyV (ADPyV). Thus, they were presumed to indicate mutations in codon usage patterns. These are all avian PyVs belonging to Group A, and host species are wild birds and Pygoscelis adeliae (Adélie penguin), respectively (Fig. 10 ). The distances between the genes in the plots shown in Fig. 10 reflects the dissimilarity in the RSCU with respect to axis 1 and axis 2. These results explain a significant portion (74.01%) of the variation in codon usage in 86 LT-Ag genes, so natural selection may have played a very important role.
Selection pressure
The dN/dS ratio was used to estimate the natural selection pressure acting on the LT-Ag gene. The average dN/dS values for the DnaJ and helicase domains in the overall population and in each Group (Groups A, H, M, and P for DnaJ; Groups A, F, H, M, and P for helicase) were less than 1, showing that these two functional regions experience negative selection pressure (Table 5) . Similarly, negative selection pressure was estimated for LT-Ag sequence pairs within Groups A, F, M, and P, ranging from 0.282 to 0.684, while the values within the overall population and Group H exceeded 1, which suggests that human PyVs have evolved by positive selection.
Discussion
In this study, we compared the nucleotide sequences encoding all PyV-encoded LT-Ag that have been classified so far and their major domains. Of the various virus species used for analysis, avian PyVs differed significantly from mammalian PyVs in terms of nucleotide composition, ENC value, and codon usage patterns. Avian PyVs are known to cause acute and chronic diseases in various bird species (Table 3 ). In particular, PyV disease [19] [20] [21] [22] , which is caused by BFDV and FPyV (finch PyV) infection, and hemorrhagic nephritis and enteritis [23] , which is caused by GHPV infection, are inflammatory diseases that cause high mortality in young avians. The high virulence of these avian PyVs contrasts with mammalian PyVs, which generally cause harmless, persistent infection in natural hosts with healthy immune systems.
Mammalian PyVs, such as SV40, are known to induce tumors in nonpermissive host rodents after inoculation [89] , which is rarely seen in avian PyV-infected birds. In general, the avian PyV's infectious nature, destroying numerous cells in the infected organism, is considered to cause serious diseases. The cause of significant cell damage by these viruses has not yet been elucidated. However, while avian PyV infection in chicken embryonic fibroblasts causes remarkable cell damage by induction of apoptosis, SV40 infection of Vero cells mainly causes necrosis. Thus, the induction of necrosis by avian PyVs is thought to contribute to virulence through the efficient release of virus progeny and spread across the entire organism [58] . The differences in the virulences of viruses may reflect differences in the biochemical functions of LT-Ag, which were also confirmed by the A-F avian-fish, A-H avian-human, A-M avian-non-primate mammals, A-P avian-non-human primate, F-H fish-human, F-M fish-non-primate mammals, F-P fishnon-human primate, H-M human-non-primate mammals, H-P human-non-human primate, M-P non-primate mammals-non-human primate; a largest RSCU distances among the host pairs for the corresponding codon; b smallest RSCU distances among the host pairs for the corresponding codon Fig. 9 Mean RSCU distances of the host pairs calculated from the RSCU values for the abundant codons (RSCU ≥1.6) in the LT-Ag genes and two domains of PyVs Fig. 10 Correspondence analysis results for the RSCU values of strongly preferred codons in 86 PyVs (COA-RSCU). The COA results for overrepresented codons (RSCU > 1.6) for five groups are shown in scatter plots b-f for groups A, F, H, M, and P, respectively. The plot dot distribution patterns of groups A and F vs. groups H, M, and P were compared (a). Overall, the plotted dots show high similarity in terms of distribution patterns in all groups, with a scattered range (− 0.2 to + 0.3, − 0.4 to + 0.4). Specifically, two dots plotted over the range were identified as LT-Ag genes for BFDV and ADPyV, and thus they can be seen to vary in terms of codon usage patterns. They are all avian polyomaviruses belonging to group A, and host organisms are wild birds and Pygoscelis adeliae (Adélie penguin) (a) genetic and evolutionary differences observed in the LT-Ag gene and domains of PyVs isolated from various hosts, based on the sequence analysis performed in this study.
Conclusions
One possible explanation for the presence or absence of specific domains or sequence motifs in the LT-Ag of various PyV species, and thus the mutations and evolutionary differences observed in these functional and structural regions, is that PyVs have evolved so that each viral protein interacts with host cell targets, and they have adapted to thrive in particular host species and cell types. They are known to interact specifically with host proteins involved in cell proliferation and gene expression regulation, have a significant association with the functional domains of LT-Ag, and vary with respect to size and composition in various virus species. Thus, even though various PyV species adopt a common survival strategy, some viral LT-Ags can target new host systems or cell types. Furthermore, the domains of LT-Ag may appear to be widely conserved, but, as indicated by the genetic and evolutionary differences observed in this study, the host function regulation mechanism of LT-Ag varies with the host species. These differences can be used to study virus-host interactions, cellular pathways, mechanisms of tumorigenesis by viral infection, and treatments for new infectious diseases. As new PyVs continue to be found in various organisms, it is necessary to conduct further studies on the mechanisms involved in host-specific toxic manifestations of PyVs, host system regulation, and cell transformation. 
